F LOW-INDUCED INSTABILITY ANALYSIS of long, fibre-reinforced, pipes used for deepsea mining applications is performed. The transfer-matrix method is implemented to the motion equation of a multi-layered anisotropic pipe for critical flow-velocity calculation. The mechanical properties of the laminated material as well as the mass of the hanged pump and the flow parameters are taken into account. Numerical results of representative examples are provided and discussed.
I
N THE LAST DECADES mining activities in deep-sea are benefited from the offshore technology and advanced materials development. Deep-sea mining projects for depths up to 6 km are currently under development (for example, thePapua New Guinea, Blue Mining, and Blue Nodules projects). The lifting system in deep-sea mining installations consists of a flexible, free-span pipe, containing a sub-sea lift pump at its end.
Nowadays the trend for deep-sea pipes is the application of glass-fibre-reinforced polymeric materials (GFRP) due to their superior strength, excellent corrosion and fatigue resistance, and light weight (Fig.1) . Apart from these important properties, low maintenance cost, low transportation cost, and ability for continuous pipeline manufacturing are additional advantages.
A typical lay-out of GFRP pipelines for offshore applications is shown in Fig.2 . An interior liner is usually made from a thermoplastic. The next layer is made from a laminated glass-(or carbon-) fibrereinforced polymeric material providing high strength to carry the service and installation loads. The exterior jacket protects the pipeline against wear.
The flexibility, the length and diameter, the mass of the lift pump, and the elastic properties of the anisotropic materials of the FRP layers are affecting the values of the critical flow velocity causing instability [1] [2] [3] [4] . According to the author's knowledge, flow-pipe interaction equations for deep-sea mining risers exist for pipes made by isotropic material. In the present work, the flow-pipe interaction equations of multilayered anisotropic FRP pipes [1] [2] [3] [4] are formulated. Since the analytical solution is complicated, a simplified fluid-structure-interaction (FSI) model accounting for the effect of the internal flow is proposed. To this end the assumption of the one-phase flow is adopted and the interaction of the pipe with the external flow, as well as the material-damping effect [6] , is ignored. The resulting governing fourthorder partial differential equation of motion is transformed to a system of four, first-order, differential equations. The transfer-matrix method is used for the correlation of the state vectors of two pipe cross-sections. The global-transfer matrix of the pipe-pump system containing the boundary conditions, the material properties, and the flow parameters is derived. The condition for non-trivial solution is solved numerically, yielding the values of the flow velocity U causing flow-induced pipeline instability.
Brief description of the mechanical modelling of GFRP laminated materials
Based on the Kirchhoff assumption, the correlation of strains ε ε γ , , is given by Equn 1 (below) ( [7, 8] ).
The components a ij , b ij , d ij of the above matrix can be derived by Equn 2 (below) in which: 
In above equations, N is the number of layers composing the laminate, z k represents the distances of any layer k from the end surface of the laminate, and the parameters Q ij are given for each lamina by the 6 -11 (below).
The parameters m, n depend on the fibreorientation angle θ of each lamina ( Fig.3) :
The parameters ij Q are correlated to material properties in the principal coordinate system 
Flow-pipe interaction modelling

Forces acting on a composite pipe element
During fluid flow in a riser and lifting system (RLS - Fig.4 ), the forces and moments acting on an elementary length of pipe are demonstrated in Fig.5 .
In the direction along the deformed pipe are acting:
(a) shear stresses q due to the friction between the fluid and the interior cylindrical surface πDdx; and (b) longitudinal tension T. 
(8)
In the direction normal to the deformed pipe are acting: In the y-direction are acting the bending moments My  . Apart from the above forces, the deformation of the pipe yields a slope ∂ ∂ w x / (with respect to x-axis). Assuming small slopes, i.e. cos( / ) ∂ ∂ = w x 1 and sin( / ) / ∂ ∂ = ∂ ∂ w x w x, the following equilibrium conditions of the forces projected on the axes x, z, y can be obtained:
Equilibrium of forces projected in the x-direction:
Equilibrium of forces projected in the z-direction:
Equilibrium of bending moments in the y-direction:
Taking into account the following equation from the beam theory [e.g.
Ref.2]:
M EI y y y y
Equn 21 can be written as follows:
where EI yy  is given [2] by the following formula:
From the geometry it is well known that the curvature 1 / r y is associated with the deflection w with the following relation:
Therefore, with the aid of above equation, Equn 23 yields:
Forces acting on a fluid element
In the direction along the axis of the deformed pipe, the forces acting on a fluid element shown in (b) shear forces q due to friction of the fluid with the interior cylindrical surface of the pipe; and (c) dynamic forces due to the motion of the fluid in x and z directions.
In the direction normal to the axis of deformed pipe, the forces acting on the fluid element are:
(a) reaction forces F between the fluid and the interior surface of the pipe; (b) the gravity forces Mgdx due to the weight of the fluid element; and (c) dynamic forces due to the motion of the fluid (in x and z directions).
Equilibrium of forces projected in the x-direction
In above equation a x f is the component of the acceleration of the fluid in the x-direction due to its flow in the x-direction, and because of the motion of the pipe in the z-direction.
Equilibrium of forces projected in the z-direction
where a z f is the component of the acceleration of the fluid in the z-direction due to its flow in the x-direction, and due to the motion of the pipe in the z-direction.
Accelerations of the fluid and pipe elements
We consider that the motion of the pipe element takes place only in the z-direction. Therefore, its acceleration in the x-direction is:
As the velocity of the pipe element in the z-direction is ∂ ∂ w t / , its acceleration a z p will be: 
Motion equation of multi-layered filament-wound FRP pipes
Neglecting quantities associated with tensioning, pressurization effects, and gravity -which are not important for the motion -and considering constant velocity U, the equilibrium equations of the pipe element (19), (20), (26) and the fluid element (27), (28) can be simplified as follows:
With the aid of Equn 38, the following equation can be obtained: 
The definition of the acceleration of the fluid element is more complicated as his motion is taking place in two directions, i.e. in the direction along the pipe due to its velocity U, and in the z-direction due to the horizontal motion of the pipe (Fig.6 ).
The projection of the velocity U in the axes x and z has the following values ( Fig.7) :
Taking into account that the velocity of the pipe in the z-direction is ∂ ∂ w t / the corresponding velocity of the fluid element in the same direction can be written:
while the velocity of the fluid element in x-direction is:
Taking into account that a U t Following a standard mathematical procedure [9] , the fourth-order differential Equn 46 can be transformed to the following matrix differential equation of the first order:
where:
and Ω r [ ] is given by Equn 49 (below).
Therefore, the solution of the matrix Equn 47 can be written:
where L is the length of the pipe segment 1-2. The matrices Y Y 1 2
{ } { }
, denote the state vectors at x = 0 and x = L respectively:
The matrix exponent e r L [ ]  is called transfer matrix of the riser (segment 1-2 in Fig.8 ). 
Global transfer matrix of the riser and lifting system
Combining Equns 50 and 53 the following matrix equation can be obtained:
or Equn 57 (below).
In above equation [I 4x4 ] is the unit matrix with size 4 x 4, and [O 4x1 ] is a vector of size 4 x 1 containing zeros.
Boundary conditions
We assume that the RLS system 1-3 is fixed supported on the node-1 and has a free end on the node-3. Therefore, the boundary conditions of the system can be approximated as follows:
The above 
Implementation of the method on a representative example
An RLS system consisting of a multilayered, glass-fibre-reinforced riser is considered for the implementation of the proposed methodology. The free-hanging riser has a length of L = 1000 m and an inner diameter 100 mm. At the free end of the riser a heavy pump is hung. The riser consists of ten layers of S-Glass/Epoxy reinforced material with fibre orientation ±45 o . The thickness of each lamina is 0.15 mm, and the mechanical properties in the principal directions are E 1 = 39 MPa, E 2 = 8.6 MPa, G 12 = 3. Fig.9 . In the second set of calculations the value of pump mass m p = 8810 kg is constant in order to estimate the effect of the riser stiffness on the U cr . The above results are plotted in Fig.10 .
From Fig.9 it can be concluded that heavy pump increases the critical flow velocity, thus improving the dynamic stability of the RLS. Unlike the above effect, higher values of the riser stiffness tend to decrease the critical flow velocity (Fig.10) . However, the above curve contains local peak and valleys, but the trend of U cr reduction versus EIyy  is clear. In order to increase the flexibility of the riser, elastic nodes can be used along the pipe. This conclusion fully agrees with the proposals of other researchers [10] [11] [12] [13] .
Conclusions
An analytical methodology for critical flow velocity estimation causing dynamic instability in riser and lifting systems (RLS) used for deep sea mining is presented.
The transfer-matrix method is used for the modelling of the system and the natural frequency calculation.
Heavy lifting pumps seem to increase the value of the critical flow velocity, thus improving the dynamic stability of the system.
Risers with high stiffnesses seem to decrease the critical flow velocity values, meaning that flexible pipes improve the dynamic behaviour of the system.
